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ABSTRACT 
Locomotor system disorders in equine species, such as tendon lesions, 
osteoarthritis or ligament injuries, are some of the most frequent causes of dramatic 
reduction in horse performance. Traditional therapies are aimed at the inflammatory 
process and pain, but they do not regenerate normal tendon or ligament matrix and do 
not reduce re-injured rates. Mesenchymal stem cells have started to use as therapeutic 
option to repair these injured tissues. Most studies have focused on their isolation, in 
vitro culture and phenotyping. However, mesenchymal stem cell ultrastructure has been 
disregarded in the last years. We investigate the ultrastructural characteristics of these 
cells once differentiated into chondrocytes. Ultrastructural analysis was conducted on 
suspension cultures of differentiated chondrocytes from bone marrow mesenchymal 
stem cells by means of transmission electron microscopy. The morphological 
characteristics of these cells, their ability to produce the extracellular matrix and the 
presence of a single cilium, could be indicative of the mesenchymal cells differentiation 
into chondrocyte phenotype. This study provides essential data to evaluate the degree of 
suitable phenotypic stability, for these cells can be used with repair purposes. 
Keywords primary cilium chondrocyte; chondrocyte ultrastructure; equine BM-
MSCs. 
 
INTRODUCTION 
Regenerative Medicine has emerged as a promising therapy for the treatment of 
damaged tissues and organs. Mesenchymal stem cells (MSCs) are a ubiquitous 
population of adult stem cells that have the potential to grow in culture and differentiate 
into many mature cell types of mesodermal and non-mesodermal origin, including 
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cartilage [1]. Besides, MSCs present low alloreactivity [2] and immunosuppression 
capacity [3]. The use of MSCs in orthopedic practice has recently and rapidly acquired 
an important role. Therapies based on the use of MSCs for the treatment of acute 
injuries as well as chronic inflammatory disorders are gradually becoming clinical 
routine.  
Friedenstein et al. described for the first time the population of bone marrow 
stromal cells able to adhere to the plastic culture substrate, giving rise to colonies of 
fibroblast-like (spindle-shaped morphology) proliferating elements [4]. Since then, 
MSCs have been subsequently isolated from different tissue sources just as Pascucci et 
al. summarize [5]: periosteum, trabecular bone, adipose tissue, synovium, skeletal 
muscle, spleen, lung, skin, blood vessels and fetal adnexa (umbilical cord blood, 
umbilical cord matrix, amniotic membrane) either in human medicine or in veterinary 
medicine including horse [6-15]. 
Adult bone marrow contains hematopoietic stem cells (HSCs) and mesenchymal 
stem cells (MSCs). Compared to HSCs, MSCs are rare in bone marrow, representing~1 
in 100.000 nucleated cells [16]. Whereas HSCs are a well-characterized population of 
self-renewing cells that give rise to all mature blood cell lineages [17], BM-MSCs are 
less defined. The immunophenotype of HSCs is well established by the expression of 
the surface markers CD14, CD34 and CD45 [18]. However, a unique marker to identify 
and define BM-MSCs has not been reported yet, although CD29 and CD44 might 
represent robust candidates [19]. Therefore for the time of being, the isolation and 
characterization of BM-MSCs are based on the criteria determined by the International 
Society of Cellular Therapy (ISCT) [20].  
As the immunophenotype of MSCs is not completely clarified across the species, 
tissue sources or methods of analysis [9] the MSC morphological study acquires a 
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relevant importance. This study would include the ultrastructural characteristics of these 
cells once differentiated into mature lineages of mesenchymal tissues. Worth noting the 
presence of primary cilia which are immotile and slender microtubule-based organelles 
(9+0) that usually exist in a single copy on the surface of different cell types including 
chondrocytes [21]. They are sensory cellular antennae that can co-ordinate different 
cellular signalling pathways [22] functioning as a unique cellular site for mechano- and 
chemo-sensation to regulate cellular processes during development and in tissue 
homeostasis [22-24]. 
There has been an interest in equine MSC therapy for more than 10 years, 
especially in the treatment of musculoskeletal disorders such as tendon or joint disease. 
These types of injuries produce dramatic reduction in horse performance, even causing 
competition retirement, as the return to the same level of activity is often compromised. 
Traditional therapies do not allow complete tissue healing and quite often animals do 
not regain competitiveness because they do not regenerate to the level of the original 
tissues and do not reduce re-injured rates [25]. In the last years, autologous MSCs have 
been used to treat equine musculoskeletal disorders. Tendon injuries [25, 26], 
femorotibial lesions (meniscal, cartilage or ligamentous) [27], and microfractured 
chondral defects [28] have been treated with autologous BM-MSC with positive 
outcomes of the treated animals recovering their previous level of sport activity [25]. 
There are widespread reports concerning the isolation and characterization of 
MSCs in horses [29-32], few reports concerning the BMMSCs fine structure among 
which highlight the work of Colter et al. [33], but no study in depth of the ultrastructural 
characteristics of these cells once differentiated into chondrocytes [34]. A thorough 
understanding of pellet culture of BM-MSCs’ towards chondrocytes fine structure and 
the functional characteristics of different cell organelles will, undoubtedly, provide 
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essential data to evaluate the degree of suitable phenotypic stability of these cells to be 
used in transplants with repair purposes. 
 
MATERIALS AND METHODS 
Cell Isolation and expansion 
Bone marrow from two animals (aged 10 years old) was harvested from the 
sternum using a Jamshidi 11 gauge needle; biological sample was obtained with owner 
consent and according to local animal welfare regulations. The study was approved by 
the ethics committee of the University of Zaragoza. BM-MSCs were isolated as 
previously described [30, 31]. Briefly, mononuclear cells were isolated by density 
gradient centrifugation on Lymphoprep TM. The cells were rinsed with PBS, counted, 
and plated at 1x106 nucleated cells/cm2 in growth medium (DMEM Low Glucose, 
supplemented with 10% Foetal Bovine Serum, 1% Glutamine and 1% 
Streptomyin/Penecillin). BM-MSCs were cultured until reaching 80% of confluence 
then passaged once using Trypsin/EDTA and stored in liquid nitrogen. After thawing, 
the cells were expanded for one passage more. Then, the characterization of BM-MSC 
profile was examined as routine [30, 31] (data not shown) prior to chondrogenic 
induction. 
Chondrogenic Differentiation 
At passage two, 250.000 BM-MSCs were pelleted and place under chondrogenic 
induction in duplicates. Chondrogenic medium consisted of DEMEM high Glucose 
supplement with 10% FBS, 10ng/mL TGFβ-3, 40µg/mL ITS+ premix, 50 µg/mL 
ascorbate-2-phosphate and 0,1 µM dexamethasone. Chondrogenic differentiation was 
confirmed in one pellet after 21 days of induction as follows: it was washed twice with 
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PBS, fixed in 10% formalin, dehydrated in increasing amount alcohols, imbedded in 
paraffin blocks and sectioned in 4 μm sections. The sections were stained with 
Hematoxilin-Eosin and chondrogenic-specific Alcian Blue staining. For Hematoxylin-
eosin staining procedure, paraffin sections were de-waxed and hydrated. The slides 
were stained in hematoxylin for 5 min and dipped in acid alcohol agitating for a second 
then washed in tap water for 5 min. The slides were transferred to 1% aqueous eosin for 
30 s and washed in running tap water for 1 min. The slides were dehydrated and cleared 
in xylene. For Alcian Blue staining procedure, paraffin sections were de-waxed, 
hydrated and stained with Alcian Blue solution for 30 min (1% Alcian Blue in 3% 
acetic acid, pH 2.5) then the slides were washed in running water for 2 minutes, rinsed 
in distilled, dehydrated, cleared in xylene, and coverslips were applied. The cells were 
observed using an Olympus BX51 light microscope and an Olympus DP72 digital 
camera (Olympus Imaging Corporation, Tokyo, Japan). 
Transmission electron microscopy 
For transmission electron microscopy studies, the other pellet was fixed in 2,5% 
glutaraldehyde and 2% paraformaldehyde in phosphate buffer overnight at room 
temperature, washed in 0.1 M phosphate buffer for 5 min., post-fixed with 2% osmium, 
rinsed, dehydrated in graded acetones (30%, 50%, 70% with 2% uranyl acetate, 90%, 
100%), cleared in propylene oxide and embedded in araldite (Durcupan, Fluka AG, 
Buchs SG, Switzerland). 
Semi-thin sections (1.5 µm) were cut with a diamond knife, stained lightly with 
1% toluidine blue and examined by light microscopy (Olympus BX51 microscope, 
Olympus Imaging Corporation, Tokyo, Japan). 
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Later, ultrathin (0.05 µm) sections were cut with a diamond knife, collected on 
Formvar coated single-slot grids, counterstained with 1% uranyl acetate and with 
Reynold’s lead citrate for 10 min. and examined under a FEI Tecnai G2 Spirit TEM 
(Oregon, USA). The images were captured with Advanced Microscopy Techniques, 
using a Corp. Charge-Coupled Device (CCD from Danvers, MA, USA) imaging 
system. 
 
RESULTS 
Differentiation essays 
Chondrogenic differentiation was induced in vitro using pellet culture technique. 
After 21 days of the chondrogenic differentiation, equine BM-MSCs cultured formed 
microspheres of 2.5 mm diameter. The cells appeared in individualized lacunae 
surrounded by a large extracellular matrix (Fig. 1A), rich in sulphated 
glycosaminoglycans that were evidenced using Alcian Blue staining (Fig. 1B). 
Ultrastructural study 
On transmission electron microscopy, the growth area had a gradient of cellular 
density that decreased from the outer zone inward (Fig. 1C). The cortical cells were 
characterized by an ovoid/elliptical or irregular morphology. They usually formed 
clusters and sent cytoplasmic prolongations contacting at least with one neighboring cell 
(Fig. 2A); they also emitted dendritic filopodia or small adhesion areas with close cells 
characterized by electron-dense membrane reinforcements (Fig. 2B). 
In the inner zone cells had a rather elliptical appearance. These cells were isolated, 
surrounded by a fibrillar matrix of middle electron-density and showed one side 
flattened (Fig. 3A). Cells contained well-developed organelles. The cytoplasm showed a 
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granular appearance due to the presence of free ribosomes. All cells had a prominent 
rough endoplasmic reticulum, often dilated to give rise to large dilated cisternae filled 
with an electron-clear content. Numerous mitochondria homogeneously distributed 
throughout the cytoplasm could be observed. The cells had lipid droplets and lysosomes 
in their cytoplasm. Lysosomes presented different functional activity and residual 
bodies with lipid residual lamellar structures; multivesicular bodies formed by a large 
vacuole containing intraluminal small vesicles (exosomes) could be observed (Fig. 3B). 
The nuclei were pale, large and oval in shape usually located toward the convex 
side of the chondrocytes with deep indentations facing the flattened side. They 
presented a functionally active euchromatin and a narrow band of marginal 
heterochromatin. Nucleoli were prominent, and the fibrillar region could sometimes be 
distinguished from the granular region, indicative of an intense synthetic activity of the 
ribosomal subunits (Fig. 3C). 
In close relation with the endoplasmic reticulum, numerous dictyosomes of a 
well-developed Golgi apparatus could be found; it was formed of flattered cisternae, 
surrounded by different sized vesicles with finely granular content (Fig. 3D). These 
vesicles fused to concentrate its content in regions close to the cell membrane, forming 
large vacuoles containing granular-fibrillar matrix (Fig. 4A). These vacuoles detached 
from cells releasing large amounts of granular material with fibrillar inclusions (Fig. 
4B). Collagen fibers with characteristic cross striation could be observed being part of 
the extracellular matrix (Fig. 4C).  
Of particular interest has been to demonstrate the presence of primary cilia usually 
protruding from the flattened side of the chondrocytic profile (Fig. 5A). Primary cilia 
were composed of a basal body from which a ciliary shaft or axoneme was originated. 
Alar sheets appeared to anchor the distal portion of the basal body to the plasma 
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membrane, laterally pericentriolar electron-dense satellites were observed, from which 
microtubules originate radially. The second centriole of the diplosome was located 
below and perpendicular to the basal body. The primary cilium was generally associated 
with the vesicular components of the Golgi apparatus which provided the necessary 
molecules in the intraflagellar transport. The ciliary axoneme projected into the 
pericellular matrix, and was often deflected, running parallel to the cell surface. The 
plasma membrane contained numerous coated vesicles next to the axoneme, indicating 
an autocrine communication mediated by the primary cilium. In the apical region of the 
axoneme, electron-dense reinforcements between the plasma membrane and ciliary 
membrane were observed, as well as connections with extracellular matrix fibers (Fig. 
5B).  
 
DISCUSSION 
Isolation, expansion and differentiation of BM-MSCs have important clinical 
implications as they represent an excellent source for regenerative medicine. MSCs are 
known to have a potential for cell therapy on different tissues. The use of BM-MSCs 
has focused on cartilage regeneration [35, 36] a tissue known for its limited intrinsic 
capacity of healing.  
Most studies focused on the isolation and characterization of MSCs and there is a 
serious lack of research on their ultrastructural features including these cells once 
differentiated into chondrocytes. According to Pascucci et al. [5] stem cell and their 
derived tissue lineages stability in culture conditions, meaning the maintenance of basic 
morphological features (“stemness”), is one of the most debated issues regarding stem 
cells. In this study we describe the fine structure by transmission electron microscopy of 
BM-MSC derived chondrocytes after isolation and differentiation. 
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The fine structure of the chondrocytes derived from BM-MSCs described in our 
results is coherent with the chondrocytic profile shown by Wilsman and Fletcher [37] 
who described them as elliptical cells with one side flattened, an indented nucleus 
located towards the convex side of the chondrocyte and the indentation facing the 
flattened side, a well-developed Golgi complex, rough endoplasmic reticulum, and 
occasional lipid droplets. The presence of multivesicular bodies containing exosomes is 
not mentioned. A cilium protruding from the flattened side of the chondrocyte was also 
described. The diameter of the ciliary shaft remained relatively constant throughout its 
length and terminated abruptly in a bluntly rounded end. At the junction of the basal 
body and the shaft the chondrocytic plasma membrane evaginated to envelop the 
tubules. They observed that the angles of emergence of the cilia included the entire 
range from 0º to 90º. 
The orientation and position of primary cilia confer a specific polarity that 
provides essential positional cues for tissue morphogenesis and maintenance [38]. 
Although chondrocytes do not have apical and basal polarity in the conventional sense 
of epithelial cell polarity, they show a clear orientation in the adult articular cartilage in 
three ways: (a) within the chondron, (b) with respect to the articular surface (and/or the 
tidemark) and, (c) in relation to the direction of mechanical loading [39]. Poole et al. 
[40] describe three patterns of ciliary projection in chick embryo sternal chondrocytes: 
(1) where the axoneme was fully extended into, and formed maximum contact with, the 
extracellular matrix, (2) where the axoneme was partially extended into the matrix with 
a range of bending deflections along the ciliary shaft and (3) where the primary cilium 
was reclined against the cell surface with minimal matrix contact. In the study, a 
correlation between the axoneme deflection and the biomechanical properties of the 
matrix is suggested. Biochemical forces could be the cause of ciliary bending. Our 
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ultrastructural study showed group two as the most frequent. Almost all cells exhibited 
a deflected axoneme projected into the pericellular matrix, running parallel to the cell 
surface but embedded in a pericellular microenvironment of extracellular matrix as 
consequence of non-weight-bearing or pressure situations of the cultured cells. The 
results of this study support the hypothesis that the chondrocytic primary cilium is an 
integral element to the maintenance of cartilage structure. 
The chondrocytic primary cilia have the molecular mechanism needed to act as 
mechanosensory organelles, they are oriented into the pericellular matrix environment 
and interact with collagen fibers via receptors as α2, α3 and β1 integrins, and NG2 [21, 
41]. Moreover, the chondrocyte purinergic mechanotransduction involves the release of 
ATP via connexin 43 hemichannels which decorates the primary cilium [42]. Among 
the signaling pathways that can be regulated by primary cilia, Hedgehog (Hh) is 
important for maintenance of postnatal cartilage. Components of Hh signaling such as 
Smo (Smoothened), Supressor of fused (Sufu), and Gli proteins are enriched in primary 
cilia; even it is suggested a strong correlation between up-regulation of Hh signaling 
and Osteoarthritis progression [43]. 
The basal body of the cilium is physiologically coupled to Golgi apparatus in 
chondrocytes, which implies that synthetic and secretory function of extracellular 
matrix components may be controlled in part by the cilium. All chondrocyte cilia 
examined showed the basic structural pattern of the diplosomal centrioles situated 
adjacent to the trans-Golgi apparatus; an axoneme projecting into the extracellular 
matrix whose features were described in results; internal vesiculated macromolecules 
and membrane coated pits; confirming the structural correlation between the functional 
properties of the extracellular matrix. Pool et al. [36] termed primary cilia as 
“cybernetic probes” transducing biomechanical and or physicochemical information 
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from the extracellular matrix, communicating this information to the centrosome and 
Golgi apparatus, and regulating the cellular synthetic and secretory responses necessary 
to maintain a functionally effective extracellular matrix [44, 45]. A physical and 
chemical deficiency in the chondrocytic primary cilia results in skeletal and growth 
plate abnormalities due to improper extracellular matrix secretion [46, 47]. Thus the 
evidence strongly suggests a significant role of the primary cilium in basic chondrocytic 
functioning.  
The morphological characteristics of these cells, their ability to produce the 
extracellular matrix and the presence of a single cilium, could be indicative of the 
mesenchymal cells differentiation into chondrocyte phenotype. 
In summary, the current study presents that equine BM-MSC treated with an 
inductive chondrogenic medium reveled the characteristics of differentiated cells with 
an intense synthetic and metabolic activity perfectly compatible with chondrocyte 
phenotype, thus mesenchymal cell transformation toward a steady chondrocytic 
phenotype could be verified.  
 
CONCLUSIONS 
Mesenchymal stem cells obtained from sternal bone marrow of adult horses have 
the capacity to undergo chondrogenic differentiation and may provide a locally 
recruitable or transplantable autogenous cell source for articular cartilage repair. 
Besides the obvious interest of our research in the clinic of equine athletes, racing 
horses represent an excellent animal model for human sport medicine [25, 48]. In fact 
horses represent high performance athletes considered models for human pathologies 
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because of similarities in terms of structure and biomechanics since musculoskeletal 
disorders frequently occur in both species.  
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FIGURE LEGENDS 
Fig. 1. Chondrogenic differentiation (21 days). Pellet culture system. 1A. (HE) 
Cells appear in individualized lacunae. Magnification x40. 1B. (Alcian Blue staining) 
Large extracellular matrix rich in sulphated glycosaminglycans. Magnification x40. 1C. 
(EM) The growth area has a gradient of cellular density. 
 
Fig 2. Cortical cells. 2A. Cells appear grouped, show ovoid or polygonal 
morphology and send cytoplasmic prolongations that contact with one or more 
neighboring cells (arrows). 2B Detail of 2A. Filopodia or small adhesion areas are 
identified by electrondense reinforcements in the membranes (arrows). N: nucleous. 
 
Fig 3. Inner zone. 3A. Isolated oval cells surrounded by a fibrillar matrix. 3B. 
Cells contain abundant rough endoplasmic reticulum (er), mitochondria, lipid droplets 
(ld) and lysosomes (ly) in their cytoplasm. Lysosomes present different functional 
activity and lipidic residual lamellar structures myelin (asterisk); note the presence of 
multivesicular bodies (mvb). 3C. The nucleus shows functionally active euchromatin. 
The nucleolus is prominent and the fibrillar region can sometimes be distinguished from 
the granular region (arrows). 3D. Numerous dictyosomes of the Golgi apparatus can be 
found (G), finely granular content vesicles of varying sizes are released (V). 
 
Fig. 4. Extracellular matrix formation (m). 4A. These vesicles fuse to concentrate 
its content in regions close to the cell membrane. 4B. These vacuoles detach from cells 
releasing large amounts of granular material with fibrillar inclusions. 4C. Collagen 
fibers with characteristic cross striation. 
19 
 
Fig.5. Primay cilium and chondrocytes. 5A. The primay cilium is generally 
associated with the vesicular components of the Golgi. 5B Detail of 5A. The primary 
cilium originates from basal body (bb). The second centriole is observed near the bb 
(arrow). Note the electron-dense reinforcements between the plasma membrane and 
ciliary membrane in the apical region of the axoneme (dotted arrow) as well as 
connections with extracellular matrix fibers (arrowheads). Pinocytic vesicles (pv). Golgi 
(G). Microtubule (mt). Alar sheet: (s). 
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